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ABSTRACT 

We have carried out an extensive quantitative and comparative evalua- 
tion of a broad range of state-of-the-art inorganic photochramic materials 
that offer potential as information input planes for coherent optical data- 
processing applications. The evaluated samples comprise 17 wafers of vari- 
ous thicknesses of CaF2:La,Na; CaFz:Ce,Na; SrTi03:Ni,Mo,Al; and CaTi03:Ni,Paoe 
The range of wafer thicknesses included is 0.13 to 1.02 m. The evaluation 
includes consideration of available wafer size and crystal quality, photo- 
chromic absorption spectra, quantitative erase mode sensirtowetry, time- 
intensity reciprocity, and resolution capabilities. Most of the evalua- 
tive tests were carried out in the erase mode using coherent 514% .8, argon 
laser radiation. The results of these tests are presented and s u m a r i z e d  
in numerous graphs, tables, and photographs distributed throughout the 
text and in three appendices. 

Some very general characteristics of the several materials evaluated 
are very briefly summarized below: 

A. CaFZ (WITH La,Na OR Ce,Na DOPANTS) 

1. Very high optical quality. 
2. Moderately large wafer sizes available. 
3. Long photochromic lifetime. 
4. Excellent time-intensity reciprocity in the erase anode, 
5. Relatively low erase mode sensitivity. 
6 .  Low photochromic optical density per unit wafer thickness, 
7. Moderate resolution capability, but at low contrast, 

1. Large wafer sizes available. 
2. Moderate to good optical quality. 
3. Relatively high erase mode sensitivity. 
4 .  High photochromic optical density per unit wafer thickness, 
5. Good resolution capability. 
6. Short photochromic thermal lifetime. 
7. Poor time-intensity reciprocity in the erase mode. 
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1, High photochromic o p t i c a l  d e n s i t y  per  u n i t  wafer th ickness .  
2, Moderate photochromic thermal  l i f e t i m e .  
3 .  Good r e s o l u t i o n  c a p a b i l i t y ,  bu t  s e r i o u s l y  l i m i t e d  by poor 

o p t i c a l  q u a l i t y .  
4 .  Re la t ive ly  poor t ime- in tens i ty  r e c i p r o c i t y  i n  t h e  e r a s e  mode. 
5. Re la t ive ly  low e r a s e  mode s e n s i t i v i t y .  
6, ReBa.tively smal l  wafer s i z e s  a v a i l a b l e .  
7 ,  Poor o p t i c a l  q u a l i t y .  
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I. INTRODUCTION 

The techniques of coherent optical data processing are finding 
increased use in a variety of information-handling applica.i:ions, For 
certain processing operations these techniques permit much faster and 
more economical data handling than is presently possible b y  digital meth- 
ods. In most optical processors the format for informatiolnx input is that 
of optical transparencies which impose a two-dimensional spacial modula- 
tion of amplitude (or phase) on transmitted coherent light. These trams- 
parencies, usually on photographic film, must be pre-recorded and chemi- 
cally developed, a time-consuming and expensive process which effectively 
precludes realtime optical processing. 

Inorganic single-crystal photochromic materials developed at RCA 
Laboratories appear to offer significant fundamental advancages over 
photographic film for the spatial modulation of light in many col~erent 
optical-processing applications. Perhaps most important arnong these are 
(1) the possibility of recording the input information witl~out the re- 
quirement of post-recording image development - thus making potentially 
feasible real-time optical image processing, and (2) the eraseability 
and essentially indefinite reusability of these materials. 

Research on these materials over the past few years has focused on 
the identification of the active photochromic color centers and t he  under- 
standing and control of the fundamental photochromic mechanisms, Devel- 
opmental effort, much of it carried out with NASA contract support, has 
emphasized the attainment of improved photochromic performance through 
(1) optimum selection of dopants and dopant concentrations, (2)  better 
material preparation and treatment techniques, and (3) elinsination or 
control of competing optical-absorption processes. 

One of the purposes of the present contract has been to continue 
this development program. In particular, efforts have beerr made to pro-- 
duce greater concentrations sf active color centers in photochromic CaF2, 
to improve the optical quality of photochromic CaTi03, and to obtain 
larger area wafers of photochromic SrTiO3. These efforts are discussed 
in Section I1 of this Report. 

The second, and perhaps more important, purpose of this contract has 
been to carry out, for the first time, a quantitative and comparative 
evaluation of the pertinent photochromic properties of a nuimber of these 
single-crystal materials which are potentially appropriate for the opti- 
cal processing application. The evaluation reported here includes (in 
Sections I11 through V, respectively) data on the photochromi@ absorp- 
tion spectra, erase mode sensitivities to argon laser radiation, the 
validity of time-intensity reciprocity, and the resolutlon capabrlitkes 
of wafer samples of four state-of-the-art materials. Included in this 



s tudy  were crystal wafers of several different thicknesses of each of 
these photochromic materials. The basis for the selection of these ma- 
terials was discussed in the Ninth Progress Report on this contract[l] 
and is no t  repeated here. 

The results of the evaluation experiments are presented largely in 
the form of graphs, tables, and photographs. The text of the report sum- 
marizes, compares, and interprets these results in only a very general 
way. 

A ward should be said here about completeness. Not all of the tests 
requested b:y NASA that are appropriate for a complete evaluation have 
been carried out. Very serious problems were encountered in acquiring 
and/or preparing satisfactory high-quality state-of-the-art materials for 
evaluation, A disproportionate amount of time and effort, therefore, was 
expended in overcoming or trying to overcome these unanticipated diffi- 
culties, T3e nature of these problems and, where applicable, their solu- 
tions are discussed in Section I1 of this report. The resulting delays 
and d ive r s ion  of effort away from evaluation experiments were believed 
to be prefezrable to a more complete evaluation of samples of particularly 
poor captica.R and/or photochromic quality. 

All of the wafer samples evaluated under this contract are being 
forwarded tc:, NASA under separate cover. These samples represent the pres- 
ent state-of-the-art in optical and photochromic quality and wafer size. 



II. MATERIALS 

General information on each of t h e  photochromic wafer samples t e s t e d  
and evaluated under t h i s  contrac t  is shown i n  Table I. The f i r s t  two 
columns list t h e  host  c r y s t a l s ,  t h e  dopants, and t h e  nominal dopant con- 
cent ra t ions  of t h e  severa l  c r y s t a l s  from which t h e  var ious  wafers were 
cut .  The b a s i s  f o r  t h e  s e l e c t i o n  of these  p a r t i c u l a r  host-dopant combi- 
nat ions  was discussed i n  some d e t a i l  i n  t h e  Ninth Progress Repor t [ l ]  on 
t h i s  con t rac t .  Dopant concentrat ions were chosen t o  l i e  wi th in  r e l a t i v e -  
l y  broad ranges found i n  e a r l i e r  s t u d i e s  t o  g ive  maximum photochromic ef -  
f ec t s [2 ,3 ] .  The numbers i n  t h e  t h i r d  column, iden t i fy ing  both t h e  indi-  
v idual  wafers and t h e  c r y s t a l  boules they came from, w i l l  be used through- 
out t h i s  r epor t ,  some i n  an abbreviated form, t o  r e f e r  t o  t h e  s p e c i f i c  
wafer or  wafers under considerat ion.  

It is important t o  point  out t h a t  t h e  materials l i s t e d  i n  Table I 
a r e ,  a s  photochromic mate r i a l s  a t  l e a s t ,  s t i l l  very much developmental 
mater ia ls .  The p rec i se  d e t a i l s  of t h e  crystal-growth and sample-treatment 
procedures are not  widely known nor completely understood. The photochro- 
mic behavior of t h e  c r y s t a l l i n e  mate r i a l  t h a t  r e s u l t s  i s  not  e n t i r e l y  con- 
t r o l l a b l e  o r  reproducible. These c r y s t a l s  a r e  only ava i l ab le  commercially 
from a very l imi ted  number of supp l ie r s ,  and then only on a "best e f f o r t "  
b a s i s  and without s p e c i f i c a t i o n  of t h e  o p t i c a l  and photochromic p roper t i e s .  

The supp l ie r s  of t h e  c r y s t a l s  required f o r  test ,  evaluation,  and de- 
l i v e r y  t o  NASA under t h i s  contrac t  represent  t h e  widest experience and 
g r e a t e s t  exper t i se  a v a i l a b l e  i n  t h e  growth of t h e  respec t ive  photochromic 
q u a l i t y  c r y s t a l s .  Problems and delays have never theless  been encountered 
i n  obtaining c r y s t a l s  of s a t i s f a c t o r y  qua l i ty .  These problems a r e  discus-  
sed l a t e r  i n  t h i s  Section. W e  be l i eve  them t o  be d i r e c t l y  a t t r i b u t a b l e  t o  
the  developmental na tu re  of these  mater ia ls .  

I .  Crystals 

The photochromic wafers of CaF2 used i n  t h i s  evaluation came from 
two s ing le -c rys ta l  boules of CaF2, one La-doped and the  o ther  Ce-doped. 
These c r y s t a l s  were grown by 11. E.  Temple of RCA Laboratories using a gra- 
d i e n t  f r eeze  technique developed here  a number of years ago by P. G. Her- 
k a r t  and H. E. Temple. Such c r y s t a l s  have been grown on a r e l a t i v e l y  
rou t ine  bas i s  a t  these Laboratories f o r  severa l  years.  However, appre- 
c i a b l e  and unexplained crys ta l - to-crys ta l  v a r i a t i o n s  i n  t h e i r  photochromic 
q u a l i t y  have never been completely eliminated. 

The o p t i c a l  q u a l i t y  of these  c r y s t a l s  is  general ly exce l l en t .  This 
i s  i l l u s t r a t e d  by the  transmission photomicrographs of wafers 750-2 and 
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751-1 shown i n  Figure 1. Figures l ( a )  and l ( b )  show d i r e c t  transmission 
through t h e  respec t ive  wafers. For Figures l ( c )  and l ( d ) ,  t h e  respect ive  
wafers were placed between crossed po la r i ze r s ;  no s t r a i n s  o r  o p t i c a l  d is -  
t o r t i o n s  a r e  v i s i b l e .  The s c a l e  of these  p i c t u r e s  can be determined from 
the  f a c t  t h a t  each wafer i s  very s l i g h t l y  under 1.0 cm wide. 

The l a r g e s t  c r y s t a l s  t h a t  can be grown i n  t h e  present  furnace f a c i l -  
i t ies  a r e  about 1 cm i n  diameter and 6 cm long. The o p t i c a l  q u a l i t y  and 
unwanted impurity l e v e l  i n  approximately t h e  l a s t  1 c m  of t h e  c r y s t a l  t o  
s o l i d i f y  a r e  f requent ly  not  acceptable.  The dopant concentrat ion may 
vary by as much a s  a f a c t o r  of two along t h e  remaining 5 cm o r  s o  of t h e  
length.  I n  t h e  present  work, t h e  c r y s t a l s  were c u t  p a r a l l e l  t o  t h i s  long 
dimension i n  order t o  provide wafer samples of t h e  des i red  thickness and 
of as l a r g e  an a r e a  a s  possible.  Clear ly ,  only two o r  t h r e e  wafers from 
a s i n g l e  boule can come very c l o s e  t o  t h e  f u l l  1 x 5 cm maximum poss ib le  
s i z e .  Following a d d i t i v e  co lo ra t ion  (see below), each wafer exh ib i t ing  
s a t i s f a c t o r y  photochromic p roper t i e s  was o p t i c a l l y  polished on both s i d e s .  

2. ADDIT IVE COLORATION 

The wafer samples must be  add i t ive ly  colored t o  produce photochromic 
color  centers .  This a d d i t i v e  co lo ra t ion  (AC) process has been extensive- 
l y  discussed i n  earlier r e p o r t s  on t h i s  contrac t [4]  and elsewhere[2]. It 
was  necessary, i n  t h i s  case  a s  i n  most o the r s ,  t o  separa te ly  optimize t h e  
con t ro l l ab le  parameters of t h i s  process f o r  t h e  wafers of each d i f f e r e n t  
c r y s t a l .  

3. PROBLEMS WITH PHOTOCHROMIC QUALITY 

The f i r s t  four  CaF2 c r y s t a l s  grown f o r  test and evaluat ion under 
t h i s  con t rac t  proved t o  be of exceptionally poor photochromic qua l i ty .  
The dominant AC-induced co lo ra t ion  was  a "blotchy" non-photochromic back- 
ground absorption.  This "blotch" is common, though usua l ly  t o  a much 
lesser extent ,  t o  a l l  heavily colored photochromic CaF2. I n  t h i s  case  
even l i g h t l y  colored wafers were "blotched," and no adjustment of t h e  pa- 
rameters of t h e  AC process brought about any s i g n i f i c a n t  improvement. 

The subsequent in tens ive  search f o r  t h e  causes o f ,  and a quick "cure" 
f o r ,  t h i s  "epidemic" of poor photochromic q u a l i t y  consumed a considerable 
amount of t i m e  and e f f o r t  during t h e  l a t t e r  por t ion  of t h e  con t rac t  period. 
Eight add i t iona l  boules of CaF2:La,Na o r  CaFz:Ce,Na w e r e  grown, under a 
v a r i e t y  of growth and annealing condit ions.  I n  add i t ion ,  t h e  concentra- 
t i o n s  of La o r  C e  i n  t h e  c r y s t a l s  were var ied  by a f a c t o r  of two. Wafers 
cu t  from each boule were then add i t ive ly  colored a l s o  under d i f f e r e n t  
condit ions.  



Wafer 750-2 Wafer 751-1 

P i g w e  I ,  Y"ansmission photomicrographs o f :  wafer 750-2 fa )  i n  plane 
pt~Zaxized l i gh t  and (b)  between crossed polarizers, and 
z~afer 751-1 (e )  i n  plane polarized l i gh t  and fd )  between 
c:~ossed polarizers, showing the high optical quality and 
absence of macroscopic s t ra in  i n  these CaF2-based materials. 
:%e f ie ld  of view i s  approximately I cm2. 



The eventual  successful  "cure" comprised two changes i n  procedure: 

(1) The t o t a l  c r y s t a l  growth and annealing t i m e ,  typi-  
c a l l y  about 40 hours during t h e  period of t h e  "epidemic," w a s  
shortened t o  21 t o  24 hours. Shorter  annealing times than 
t h i s  f requent ly  resu l t ed  i n  high c r y s t a l  s t r a i n  and cracked 
boules . 

Slower c r y s t a l  growth and longer annealing times 
a r e  e f f e c t i v e  i n  reducing c r y s t a l  s t r a i n .  W e  have not  been 
a b l e  t o  d e t e c t  any macroscopic s t r a i n ,  however, i n  wafers c u t  
from t h e  more rap id ly  cooled c r y s t a l s .  

Slower c r y s t a l  growth, on t h e  o ther  hand, a l s o  a l -  
lows f o r  t h e  escape of t h e  high-vapor-pressure Na dopant, 
which w a s  i n i t i a l l y  included f o r  t h e  purpose of i n h i b i t i n g  
"blotch" formation. I n  add i t ion ,  longer annealing t i m e s  a l -  
low, a t  t h e  appropr ia te  temperatures, f o r  motion and clus-  
t e r i n g  of t h e  La o r  C e  impur i t ies .  It i s  some such c lus te r -  
ing  t h a t  is believed t o  be responsible  f o r  t h e  non-photochromic 
"blotch" absorption.  

(2) The standard one-hour dura t ion of the  AC treatment 
was reduced t o  one-half hour. This has resu l t ed  i n  somewhat 
higher optimum Ca-vapor pressures f o r  t h e  treatment of most 
c r y s t a l s .  Again, the  shor te r  time a t  the  elevated AC tem- 
pera tures  probably reduces impurity migrat ion and c lus te r ing .  

An ind ica t ion  of t h e  success of t h e  above "cure" is  t h e  f a c t  t h a t  
t h e  photochromic absorption changes exhibi ted  by t h e  l a t e s t  wafers, pre- 
pared a s  indicated ,  a r e  comparable t o ,  o r  s l ig lz t ly  g rea te r  than, those  
of t h e  bes t  CaF2 mate r i a l s  we  have previously t e s t e d .  These a r e  t h e  
wafers l i s t e d  i n  Table I and evaluated i n  t h i s  Report. 

. CRYSTALS 

A l l  of t h e  SrTiOg:Ni,Mo,Al photochromic wafers used i n  t h i s  s tudy 
came from t h e  same s i n g l e  c r y s t a l .  That c r y s t a l  was grown by a flame- 
fus ion technique by L. Merker of t h e  Titanium Division of t h e  National 
Lead Company. Essen t i a l ly  a l l  of t h e  photochromic c r y s t a l s  of t r a n s i t i o n -  
metal-doped SrTiOg s tudied a t  RCA Laboratories over t h e  pas t  severa l  years  
have been supplied by t h e  National Lead Company. A s  with t h e  CaF2 systems, 
however, t h e  photochromic p roper t i e s  of these  c r y s t a l s  s t i l l  vary consider- 
ably ,  even among nominally i d e n t i c a l  boules. 



The o p t i c a l  q u a l i t y  of t h e s e  SrTi03 c r y s t a l s  is gene ra l ly  not  q u i t e  
as good a s  t h a t  of CaF2 but  v a r i e s  from c r y s t a l  t o  c r y s t a l .  A s  might be 
expected, t he  o p t i c a l  q u a l i t y  i s  gene ra l ly  b e s t  Fn r e l a t i v e l y  small  
S r T i 0 3  b o d e s  wi th  low dopant concent ra t ions .  These cond i t i ons  a r e  some- 
what incompatible w i th  those  f o r  u s e f u l  photochromic wafers .  The o p t i -  
cal  q u a l i t y  of t h e  c r y s t a l  used i n  t h e  p re sen t  s tudy i s  i l l u s t r a t e d  by 
the t ransmiss ion  photomicrographs of wafer ST-2-0 shown i n  F igure  2 .  
Figures 2(a)  and 2(b)  show, r e s p e c t i v e l y ,  d i r e c t  t ransmiss ion  and t r ans -  
mission w i t h  t h e  wafer between crossed polaro ids .  F igure  2(b) shows 
s igns  of app rec i ab le  s t r a i n ,  The maximum dimensions of t h i s  wafer a r e  
apprsximateHy 2.2 by 2.8 cm. 

Wafer ST-2-0 

F i g m e  2 ,  Transmission photomicrographs of wafer ST-2-0 (a )  i n  plane 
polarized l i gh t  and (b )  between crossed polarizers, showing 
s.igns of macroscopic strain.  The f ield of view i s  approxi- 
mztely 1 cm2. 



The s ta te -of - the-ar t  i s  such t h a t  t h e  l a r g e s t  a r e a  s i n g l e - c r y s t a l  
photochromic wafers  a v a i l a b l e  a r e  t hose  of SrTi03. Severa l  w a f e r s  of 
SrTi03:Ni9Mo,Al which were de l ive red  t o  NASA a t  t h e  completion of an 
e a r l i e r  phase of t h e  p re sen t  c o n t r a c t [ 5 ]  had a r e a s  of about  6 ca2 each, 
even a f t e r  being trimmed t o  approximately a  4:3 r e c t a n g u l a r  a spec t  ratio, 
Those wafers ,  however, exh ib i t ed  an  apprec i ab le  s t r i a t e d  non-uniformity 
i n  c o l o r ,  probably r e s u l t i n g  from bulk  v a r i a t i o n s  i n  dopant concentra-  
t i o n .  The c r y s t a l  under s tudy  i n  t h e  p re sen t  c a s e  was somewhat smaller 
bu t  cons iderably  more uni formi ly  co lored .  (See d i scuss ion  below), It 
was c u t  i n t o  wafers  of t h e  d e s i r e d  th i cknesses  and of t h e  l a r g e s t  areas 
poss ib l e .  A s  w i th  t h e  CaF2, because of t h e  shape of t h e  bouBe only a 
few wafers  a c t u a l l y  came ve ry  c l o s e  t o  t h e  maximum a r e a ,  about 5 c m 2 ,  
Each wafer was given a  h igh  o p t i c a l  p o l i s h  on bo th  s u r f a c e s ,  

2. HEAT TREATMENT 

As-grown SrTi03:Ni,Mo9Al c r y s t a l s  a r e  a l r e a d y  photochromic, But 
improved photochromic performance and a lower background absorption can 
be obta ined  by a p p r o p r i a t e  h e a t  t rea tment  of t h e  sample wafers ,  These 
hea t  t r ea tmen t s  cause changes i n  t h e  va lence  s t a t e s  of t h e  Ni and Mo 
impuri ty  i o n s ,  probably by vary ing  t h e  concent i-at ion of oxygen vacancies 
i n  t h e  SrTi03 c r y s t a l .  Both ox ida t ion  and r educ t ion  t r ea tmen t s  can be  
c a r r i e d  out  r e v e r s i b l y  and have been s t u d i e d  and descr ibed  by Faugbnan 
and Ki s s [3 ,6 ] .  A s  is gene ra l ly  t h e  c a s e ,  t h e  wafers  under cons ide ra t ion  
he re  r equ i r ed  a mild r educ t ion  t rea tment  f o r  maximum unswitched tsans- 
mission.  

3 .  EFFORTS TOWARD IMPROVEMENT 

A s  d i scussed  above, l a r g e  a r e a  wafers  of photochromic SrTi03:Ni,MoSAl 
have been t e s t e d  and d e l i v e r e d  t o  NASA under e a r l i e r  phases of the present 
c o n t r a c t .  I n  o rde r ing  another  c r y s t a l  boule of t h i s  m a t e r i a l  for evalua- 
t i o n  i n  t h e  c u r r e n t  phase,  w e  sought t h r e e  improvements: 

(1) A l a r g e r  boule,  one capable  of provid ing  t : r i m e d  
wafers  about 3.0 x 2.3 cm, o r  7 cm2 i n  a r e a ;  

(2) Higher dopant concen t r a t ions  f o r  l a r g e r  photochromic 
abso rp t ion  changes; and 

(3) Grea ter  un i formi ty  i n  dopant concen t r a t ion  through- 
out  t h e  c r y s t a l .  

These improvements have turned  out  t o  be incompatible  with t h e  pre-  
s e n t  s ta te -of - the-ar t .  The c r y s t a l  suppl ied  by t h e  Nat io~nal  Lead Company 



and used in t h i s  s tudy does con ta in  a  dopant concen t r a t ion  approximately 
2,s tiaes that of t h e  e a r l i e r  boule[5] .  The h ighe r  concen t r a t ion ,  how- 
ever, d i d  not  r e s u l t  i n  g r e a t e r  photochromic abso rp t ion  changes a s  had 
been hoped. I n  t h a t  r e s p e c t  t h e  new m a t e r i a l  is  about comparable t o  
t h a t  reported on previous ly .  On t h e  o t h e r  hand, t h e  uni formi ty  of dopant 
concentration and c o l o r a t i o n  is  g r e a t l y  improved. No non-uniformity a t  
a l l  i s  readily v i s i b l e  t o  t h e  unaided eye. This  i s  p a r t i c u l a r l y  impres- 
s i v e  i n  view of t h e  h ighe r  dopant concen t r a t ion  p re sen t .  F i n a l l y ,  t h e  
size of the c r y s t a l  boule  is such t h a t  t h e  maximum wafer a r e a  obtained. 
is about 5 cm2 untrimmed, somewhat sma l l e r  than  those  suppl ied  t o  NSSA 
e a r l i e r ,  In a d d i t i o n ,  as shown i n  F igure  2 ,  even t h i s  boule  s i z e  was 
not achieved without  some c r y s t a l  s t r a i n .  

? . CRYSTALS 

Wafers from fou r  d i f f e r e n t  CaTi03:Ni,Mo c r y s t a l  boules  have been 
used i n  the  p re sen t  s tudy .  These c r y s t a l s ,  l i k e  t h a t  of SrTi03, have 
been s u p p l i e d  by t h e  Nat iona l  Lead Company. The c r y s t a l s  were grown by 
a flame-fusion technique developed t h e r e  by L. Merker[7]. Using a  high- 
temperature annea l ing  procedure, Merker was a b l e  t o  prevent ,  i n  l a r g e  
pure CaTi03 s i n g l e  c r y s t a l s ,  t h e  s eve re  twinning and cracking  common t o  
ba th  na tu ra l  and s y n t h e t i c  c r y s t a l s ,  r e g a r d l e s s  of s i z e .  With t h e  addi- 
tion of dopants such as N i  and Mo t o  make t h e  CaTi03 photochromic, t h e  
twinning and cracking  reappeared. It has been necessary ,  t h e r e f o r e ,  t o  
modify t h e  c r y s t a l  growth and annea l ing  procedures .  

Extensive e f f o r t s  by t h e  Nat iona l  Lead Company t o  improve t h e  crys-  
t a l  q u a l i t y  of doped CaTi03 met wi th  some success  a t  f i r s t .  S i g n i f i c a n t  
progress toward inc reas ing  t h e  crack-free and twin-free volumes of such 
c r y s t a l s  were i l l u s t r a t e d  and d iscussed  i n  t h e  l a s t  p rogress  r e p o r t [ l ] .  
Unfortunately t h a t  progress  has  no t  cont inued.  I n  s p i t e  of continued 
effort, i n  f a c t ,  i t  has  n o t  even been p o s s i b l e  t o  reproduce those  ear -  
l i e r  improvements. 

The l a s t  two CaTi03:Ni,Mo wafers  l i s t e d  i n  Table I a r e  from those  
crystal boealies which d i d  e x h i b i t  improved o p t i c a l  q u a l i t y .  The o the r  
four wafers were c u t  from more r e c e n t l y  grown boules .  Transmission pho- 
tomicrographs of one wafer from each c r y s t a l  boule used i n  t h i s  s tudy  
are shorn i n  F igure  3 . .  Actual  c r acks  show up c l e a r l y  i n  t h e  d i r e c t  t r ans -  
miss ion  pictuires of F igures  3 ( a ) ,  (c )  , (e )  , and (g) . The l ame l l a r  twin- 
ning structure becomes c l e a r e r  when t h e  wafers  a r e  placed between crossed  
p o l a r i z e r s  as i n  F igures  3 ( b ) ,  (d) , ( f )  , and (h) . 



Wafer CT-3A 

Wafer CT-1-1 

Figure 3. Transmission photomicrographs of wafers cut from four dif- 
ferent crystal bouZes of CaTi03:Ni,Mo. Direct transmission 
pictures show moderate cracking i n  recent bouZt:s, iai and 
( c ) ,  but Zess extensive cracking i n  earZier improved bouZes, 
(el and ( 9 ) .  PZaced between crossed poZarizers, aZZ wafers 
exhibited extensive ZameZZar twinning, (b ) ,  ( d l ,  (f i ,  and (?&),  
The fieZd of view i s  approximately 2 cm2. 



Wafer CT-1-0 

Wafer CT-2C-0 

(g) 

Figwe 3. (Continued) . 



Because of the cracking problem CaTi03 crystal boules are usually 
relatively small. In addition, the crystals are somewhat roore f rag iQe  
than those of SrTi03 and more subject to breakage during caatting, palish- 
ing, and handling. Nevertheless, a number of wafers of re;lsonabke size 
were successfully cut, optically polished on both surfaces, and tested, 
The largest of these, CT-2C-0, came from one of the boules of high optr- 
cal quality and has dimensions of about 1 by 2 cm. 

2. HEAT TREATMENT. 

The as-grown CaTi03:Ni,&fo crystals have a deep reddish-brcsm, or 
wine, color. A mild reducing heat treatment of the finish.e?d wafers, 
similar to that used for the SrTi03:Ni,Mo,Al wafers, was sufficient to 
significantly reduce this background absorption, in some cases to almost 
completely eliminate it. The photochromic absorption changes attainable 
also appeared to be somewhat increased by this treatment, 



II I. PHOTOCHROMIC ABSORPTION SPECTRA 

A.  EXPERIPENTAL PROCEDURES AND RESULTS 

The photochromic abso rp t ion  s p e c t r a  of 1 5  of t h e  17  sample wafers  
l i s t e d  i n  Table I are shown i n  Appendix A, F igures  A - l  through A-15. 
The order is t h e  same as t h a t  i n  Table I. I n  a l l  ca ses ,  t h e  abso rp t ion  
s p e c t r a  of t h e  unswitched o r  thermal ly  s t a b l e  s t a t e s  a r e  i n d i c a t e d  by 
the solid curves ,  t hose  of t h e  switched states by t h e  broken curves.  
mere the  s p e c t r a  of t h e  o p t i c a l l y  e rased  s t a t e s  d i f f e r  from those  of t h e  
unswitched s t a t e s ,  they  a r e  i nd ica t ed  by long-short dashed curves.  

The absorp t ion  s p e c t r a  were recorded on a Cary-14 spectrophotometer .  
Because of t h e  r e l a t i v e l y  s h o r t  thermal  l i f e t i m e s  of t h e i r  photochromic 
switched s t a t e s ,  wafers  of SrTi03:Ni,Mo,Al and CaTi03:Ni,Mo were re-  
switched s e v e r a l  t imes dur ing  t h e  record ing  of t h e i r  swi tched-s ta te  spec- 
tra. These s p e c t r a ,  t h e  broken curves i n  F igu re  A-8 through A-15, have 
thus been co r rec t ed  f o r  t h e  thermal  decay which occurred du r ing  record ing .  

The absorp t ion  s p e c t r a  of t h e  thermal ly  s t a b l e  s t a t e s  w e r e  recorded 
after the wafers  had been hea ted  t o  about 150°C f o r  about  two minutes 
and cooled t:o room temperature i n  t h e  da rk .  Subsequently,  t h e  wafers  
were switched and o p t i c a l l y  e rased  wi th  s u i t a b l y  f i l t e r e d  and focused 
radiation from an  Osram HBO-500W 500 W Hg lamp. The f i l t e r s  used f o r  
switching purposes were approximately one cent imeter  of s a t u r a t e d  CuSO4 
solution and e i t h e r  a Corning 7-59, 0-51 f i l t e r  combination ( f o r  CaF2), 
o r  a Corning 7-54 f i l t e r  ( f o r  SrTi03 and CaTiO3). A l l  o p t i c a l  e r a s i n g  
w a s  done through about  one cent imeter  of Hz0 and a Corning 3-71 f i l t e r .  
The s tandard  swi tch ing  exposure w a s  two minutes ,  and each wafer w a s  ex- 
posed from one s i d e  only.  The s tandard  e r a s i n g  exposure w a s  one minute 
for SrTi03 and CaTi03, t h r e e  minutes f o r  CaF2. 

The genieral f e a t u r e s  of t h e s e  abso rp t ion  s p e c t r a  a r e  w e l l  known by 
now and w i l l  no t  be  d iscussed  he re .  For comparison and eva lua t ion  pur- 
poses,  t h e  irbost important q u a n t i t a t i v e  d a t a  t h a t  can be  e x t r a c t e d  from 
these s p e c t r a  a r e  t h e  maximum photochromic changes i n  abso rp t ion ,  A OD, 
a t  wavelengths of s p e c i a l  i n t e r e s t .  Such d a t a ,  f o r  each host-dopant 
combination, a r e  summarized i n  Tables  I1 through V. Using t h e s e  va lues  
of A OD and t h e  wafer t h i cknesses ,  changes i n  t h e  average bulk  abso rp t ion  
coefficient have been c a l c u l a t e d  f o r  each c a s e  and a r e  a l s o  recorded,  a s  
Aa, i n  these t a b l e s .  

The wxvelengths f o r  which t h e s e  d a t a  are t a b u l a t e d  inc lude  t h o s e  
corresponding t o  maximum photochromic abso rp t ion  changes f o r  each respec-  
tive mate r i a l .  Also included is t h e  argon laser output  wavelength, 5145 i, 
which l i es  c l o s e s t  t o  t h e  v i s i b l e  readout  and e r a s e  bands of t h e s e  mater i -  
a l s .  An argon l a s e r  ope ra t ing  a t  5145 would appear  t o  be  an e x c e l l e n t  



T A B L E  I1 

CaFZ:La,Na PHOTOCHROMIC SPECTRA S 

source f o r  coherent  o p t i c a l  p rocess ing  and could a l s o  be  used for reeord- 
ing  on t h e s e  materials i n  t h e  e r a s e  mode. For t h e s e  reasons ,  this argon 
laser l i n e  has  been used t o  measure t h e  e r a s e  mode s e n s i t i v i t y  of these 
wafers  ( s ee  Sec t ion  I V ) .  The d a t a  summarized i n  Tables  II through V 
a r e  d iscussed  b r i e f l y  below. 

B. DISCCJSSION 

I .  C a F  :La,Na 2 

The photochromic abso rp t ion  s p e c t r a  of t h e  fou r  CaF2:I,a,Na wafers are 
shown i n  F igures  A-1 through A-4 of Appendix A and summarized in Table IT, 
The l a c k  of any dependence of Aa on wafer  t h i ckness  i n  Table I1 i n d i c a t e s  
t h a t ,  a t  l e a s t  a t  s a t u r a t i o n  swi tch ing ,  photochromic c o l o r a t i o n  i s  indeed 
a  bulk  phenomenon i n  CaFz:La,Na. This  i s  probably less t r u e  for less than  
s a t u r a t e d  swi tch ing ,  however. 

C lea r ly  t h e  most s e r ~ s i t i v e  readout  w a v e l e ~ g t h  f o r  t h e s e  wafers i s  
4130 1. (The nega t ive  va lues  of A OD and Aa h e r e  i n d i c a t e  t h a t  abscrptican 
a t  t:hie wavelength decreases  a s  t h e s e  wafers  are swi tched) .  The readout  
s e n s i t i v i t y  a t  t h e  argon 5145 8- l i n e  i s  l e s s  by about  a  f a c t o r  s f  two, It 
is  a l s o  c l e a r  t h a t  f o r  5145 1 readout ,  a  t ransmiss ion  c o n t r a s t  r a t i o  of 
2 : l  ( A  OD = 0.30) could only be provided by t h e  t h i c k e s t  wafer tested, 



Greater photochromic absorption changes, by a f a c t o r  of 1 .5  o r  more, 
can be induced i n  these  CaFz:La,Na wafers (and, t o  a lesser ex ten t ,  i n  
the  CaF2:Ce,Na wafers a s  well)  i f  t h e  7-59, 0-51 Corning f i l t e r  combina- 
t i o n  used t o  l i m i t  t h e  switching r a d i a t i o n  is replaced by a Corning 7-54 
f i l t e r  only. The g r e a t e r  switching r e s u l t s  pr imar i ly  from t h e  increased 
i n t e n s i t y  of Hg 3650 8 r a d i a t i o n  i n  t h e  switching l i g h t .  However, not 
a l l  of t h i s  increased photochromic absorption change can be o p t i c a l l y  
erased. I n  f a c t ,  t h e  o p t i c a l l y  r e v e r s i b l e  por t ion  of t h i s  change is  es- 
s e n t i a l l y  t h e  same as t h a t  shown i n  Figures A-1 through A-4. It w a s  f o r  
t h i s  reason t h a t  t h e  more conservative 7-59, 0-51 Corning f i l t e r  combina- 
t i o n  was used here.  A s  t h e  long-short dashed curves i n  these  f i g u r e s  in- 
d i c a t e ,  o p t i c a l  e rasure  is not absolute ly  complete even under these  con- 
d i t i o n s .  

The photochromic absorption spec t ra  of t h e  t h r e e  CaF2:Ce,Na wafers 
a r e  shown i n  Figures A-5 through A-7 of Appendix A and summarized i n  
Table 111. Since t h e  argon 5145 & l i n e  l ies so  c l o s e  t o  t h e  peak of t h e  
v i s i b l e  switched-state absorption band of photochromic CaF2:Ce,Na, da ta  
f o r  only one of these  wavelengths, t h a t  of t h e  laser l i n e ,  a r e  included i n  
Table 111. The 4000 i band here  corresponds t o  t h e  4130 8 band of 
CaF2:La,Na discussed above. The t h i r d  wavelength f o r  which d a t a  is in- 
cluded i n  Table I11 is  7000 1, t h e  peak of t h e  "non-destructive" readout 
band of CaF2:Ce,Na. While, a s  has been pointed out  i n  previous r e p o r t s [ l ] ,  
t h i s  band is  indeed r e l a t i v e l y  "non-destructive," it is f o r  present  pur- 
poses hardly deserving of t h e  name "readout band1' because of i ts  extremely 

T A B L E  I11 

CaF2:Ce,Na PHOTOCHROMIC SPECTRA SUMMARY 

Wafer 
No. 

751-1 

751-2 

751-3 

Thickness 
(mm) 

0.86 

0.53 

0.32 
i 

Saturated Absorption Changes 

A = 5145 & A = 4000 A = 7000 

A OD 

0.27 

0.18 

0.10 

A OD 

-0.09 

-0.06 

-0.04 

A a  
(cm-1) 

7.2 

7.8 

7.3 

A a  
(cm-1) 

-2 

-3 

-3 

A OD 

-0.59 

-0.38 

-0.21 

A a  
(cm-1) 

-16 

-16 

-15 



poor sensitivity to photochromic absorption changes as shown by the very 
small values of A OD recorded in Table 111. 

Otherwise, all of the observations made in sub-section A above con- 
cerning the data in Table I1 on the CaF2:La,Na wafers are equally appli- 
cable here. 

From Figures A-8 through A-11 of Appendix A it is apparent that the 
argon laser line at 5145 1 falls very near the peak of the switched-state 
absorption band of photochromic SrTiOg:Ni,Mo,Al. Therefore, data for only 
one of these wavelengths, that of the laser, are given in Table IV. 

The data for photochromic SrTi03:Ni,Mo,Al shown in Table IV differs 
in two distinct ways from that for photochromic CaF2 recorded in Tables 
I1 and 111. First, the absolute saturated photochromic absorption changes 
are markedly greater for SrTiOg:Ni,Mo,Al. Even the thinnest wafer tested 
is capable of producing a transmission contrast ratio of nearly 3:l at the 
5145 readout wavelength. 

Second, the quantity A a  at this same readout wavelength shows a marked 
dependence on wafer thickness. This dependence has been discussed in pre- 
vious reports[5]. It results from the fact that photochromic coloration 
is not truly a bulk phenomenon in SrTiOg:Ni,Mo,Al[3]. The very limited 

T A B L E  IV 

SrTi03:Ni,Mo,Al PHOTOCHROMIC SPECTRA SUMMARY 

Wafer No. 

ST-2-0 

St-2-4 

St-2-6 

St-2-10 

Thickness 
(mm) 

1.02 

0.53 

0.28 

0.18 

Saturated Absorption Change 

h = 5145 
L 

A OD 

0.86 

0.73 

0.60 

0.45 

A a  
( cm-1) 
2 0 

32 

5 0 

58 



penetration depth  of t h e  s t r o n g l y  absorbed swi tch ing  r a d i a t i o n  conf ines  
photochromic c o l o r a t i o n  t o  a r e l a t i v e l y  t h i n  s u r f a c e  l a y e r ,  which then  
becomes the  e f f e c t i v e  photochromic th i ckness  of t h e  wafer ,  

The photochromic s p e c t r a  of CaTi03:Ni9Mo, shown i n  F igures  A-12 
through 14-15 of Appendix A and summarized i n  Table V, are very  s i m i l a r  i n  
many ways to t hose  of SrTi03:Ni9M09Al. The a b s o l u t e  photochromic absorp- 
t i o n  changes a t  t h e  5145 1 readout  wavelength a r e  somewhat l a r g e r ,  making 
possible a t ransmiss ion  c o n t r a s t  r a t i o  of g r e a t e r  t han  3 .5 : l  (A  OD = 0.545) 
with t h e  t h i n n e s t  wafer t e s t e d .  

The q u a n t i t y  Aa appears ,  i n  Table V, t o  b e  r e l a t i v e l y  independent of 
wafer th ickness .  This  is somewhat dece iv ing .  It i s  p r i m a r i l y  a r e s u l t  
of t h e  l a c k  of r e p r o d u c i b i l i t y  of t h e  photochromic p r o p e r t i e s  of s t a t e -o f -  
the-art CaTi03:Ni,Mo. The four  wafers  s tud ied  r e p r e s e n t  two d i f f e r e n t  
crystal boules  and r a t h e r  widely sepa ra t ed  r eg ions  of one of them. I n  
fact, while t h e  depth  of photochromic c o l o r a t i o n  i s  perhaps somewhat 
greater i n  GaTi03:Ni,Mo than  i n  SrTi03:Ni,Mo,Al under t h e  cond i t i ons  of 
t h e s e  experianents, i t  remains a s u r f a c e  phenomenon t o  a l a r g e  e x t e n t .  

T A B L E  V 

CaTi03:Ni,Mo PHOTOCHROMIC SPECTRA S 

Wafer No. 

-- 
Sa tu ra t ed  Absorption Change 



OV. ERASE MODE SENSITIVITY 

A. THE ERASE MODE 

Wafers of t h e  photochromic m a t e r i a l s  under s tudy  he re  a r e  of i n t e r e s t  
as information inpu t  p lanes  f o r  coherent  o p t i c a l  processirlg systems, How 
is  t h e  information t o  be recorded on them? I n  many ways, t h e  most attrac- 
t i v e  proposa l  is  t o  u s e  a  modulated, scanned, and focused l a s e r  bean t o  
11 w r i t e 1 ' t h e  d e s i r e d  information onto such a  wafer ,  i n  sitzi, in t h e  o p t i c a l  
processor .  Unfortunately,  however, t h e r e  a r e  no lasers in e x i s t e n c e  which 
ope ra t e  a t  an a p p r o p r i a t e  wavelength wi th  s u f f i c i e n t  power t o  permit e f -  
f i c i e n t  and h igh  speed record ing  on any of t h e s e  m a t e r i a l s  i n  the usua l  
"wri te ,"  o r  swi tch ing ,  mode. 

On t h e  o t h e r  hand, t h e  argon l a s e r o i s  capable  of ou tput  powers of 
s e v e r a l  w a t t s  a t  wavelengths near  5000 A. I n  p a r t i c u l a r ,  t h e  argon 5145 fi 
l i n e  i s  remarkably w e l l  matched t o  t h e  peaks of t h e  v i s i b l e  readout  and 
e r a s e  bands of a l l  four  of t h e s e  m a t e r i a l s .  It i s  i n t e r e s t i n g ,  t h e r e f o r e ,  
t o  cons ider  t h e  p o s s i b i l i t y  of us ing  a 5145 1 argon l a s e r ,  appropriately 
modulated and scanned, t o  record i n  t h e  e r a s e  mode on wafers  which have 
been uniformly pre-switched wi th  a p p r o p r i a t e  near-W r a d i a t i o n .  The 
switching l i g h t ,  of course ,  need not  be  coherent .  This  scheme a l s o  o f f e r s  
t h e  p o s s i b l e  advantage of us ing  t h e  same wavelength of l i g h t ,  perhaps 
even a  s i n g l e  l a s e r  source ,  f o r  both record ing  and readout .  

I n  s e v e r a l  previous s t u d i e s [ l , 3 , 8 , 9 ] ,  some of them c a r r i e e  out  during 
e a r l i e r  phases of t h i s  c o n t r a c t ,  cons iderable  a t t e n t i o n  has been focused 
on t h e  quantum e f f i c i e n c i e s  and s e n s i t i v i t i e s  of va r ious  inorganic  photo- 
chromic m a t e r i a l s  used i n  t h e  w r i t e  mode. Some, bu t  cons iderably  l e s s ,  
a t t e n t i o n  has been pa id  t o  t h e  s e n s i t i v i t i e s  of some of t h e s e  same mate-" 
r i a l s  opera ted  i n  t h e  e r a s e  mode[8]. 

I n  t h i s  Sec t ion ,  t h e r e f o r e ,  w e  d e s c r i b e  and d i s c u s s  detailed e r a s e  
mode sens i tome t r i c  measurements a t  5145 1, made on each of t h e  first 15 
wafer samples l i s t e d  i n  Table I, those  f o r  which photochromic absorption 
s p e c t r a  have been obta ined  (Appendix A). 

B.  EXPERIMENTAL PROCEDURE 

Each photochromic wafer t e s t e d  w a s  f i r s t  switched t o  saturation 
us ing  appropr i a t e ly  f i l t e r e d  r a d i a t i o n  from an Hg lamp, a s  descr ibed  i n  
Sec t ion  111. A .  The wafer was then  (wi th in  two seconds) placed i n  and 
perpendicular  t o  t h e  output  beam of an  argon l a s e r  ope ra t ing  a t  5145 
The i n t e n s i t y  of t h i s  e r a s e  beam t r ansmi t t ed  through t h e  w a f e r  w a s  moni- 
to red  by a  l i n e a r  d e t e c t o r  (PIN diode)  and d isp layed  a s  a func t ion  of 
t ime on e i t h e r  an osc i l l o scope  o r  an  x-y r eco rde r ,  depending on how fast 



o r  s lowly t h e  e r a s u r e  proceeded. Thus, readout  and e r a s u r e  w e r e  accom- 
plished with t h e  s i n g l e  source  and a s i n g l e  beam. 

The maxirnurn power output  of t h e  l a s e r  i n  t h i s  s i n g l e  l i n e  was approx- 
imately one wa t t .  With c o n t r o l  of t h e  beam diameter  (us ing  a beam expander) 
and the l a s e r  tube  plasma c u r r e n t ,  and wi th  t h e  a d d i t i o n  of beam a t tenua-  
tors, we were a b l e  t o  vary  t h e  e r a s e  beam i n t e n s i t y  a t  a 1 /16  inch  sample 
aperture by more than  fou r  o r d e r s  of magnitude, from about  2 w/cm2 down t o  
less than 0 , 2  m~/cm2. The abso lu t e  beam i n t e n s i t y  w a s  measured d i r e c t l y  
wi th  a rea=ent:ly c a l i b r a t e d  Eppley thermopile .  For each wafer ,  t h e  t r a n s -  
mission-versus-time-of-exposure c h a r a c t e r i s t i c  w a s  recorded a t  s e v e r a l  
d i f f e r e n t  l e v e l s  of e r a s e  beam power. 

For most of t h e  wafers  s t u d i e d ,  room temperature thermal  decay charac- 
t e r i s t L c s  were a l s o  determined. Such d a t a  were taken  us ing  t h e  lowest  de- 
tectable readout  (and e r a s e )  beam i n t e n s i t y  and blocking t h e  wafer from 
exposure to even t h a t  beam except  f o r  b r i e f  p e r i o d i c  measurements. 

C, SENSITIVITY CURVES 

The resuLt ing  f a m i l i e s  of e r a s e  mode s e n s i t i v i t y  curves  a r e  shown i n  
Figures  B-l t l~ rough  B-15 i n  Appendix B. The o rde r  of t h e  f i g u r e s  i s  t h e  
same as that of t h e  f i r s t  1 5  wafer samples l i s t e d  i n  Table I and t h e  same 
as that of the photochromic abso rp t ion  s p e c t r a  i n  Appendix A. The d i s p l a y  
format  used, o p t i c a l  d e n s i t y  change ve r sus  logar i thm of exposure, emphasizes. 
the middle exposure range where most of t h e  o p t i c a l  d e n s i t y  change occurs  
and is t h e  stiandard format used f o r  s e n s i t o m e t r i c  d a t a  on photographic f i lm .  

In a gene ra l  way, t h e s e  f a m i l i e s  of s e n s i t i v i t y  curves  behave as 
expected : 

9, Glea-rly t h e  CaF2-based photochromic m a t e r i a l s  have t h e  s lowest  
room temperature thermal  decay, t h e  o p t i c a l  d e n s i t y  dropping 
by ahout 30% i n  1000 s e c  f o r  CaF2:La,Na (F igures  B-1 through 
B - 4 )  and about 15% i n  1000 s e c  f o r  CaF2:Ce9Na (Figures  B-5 through 
B-7) .  The SrTi03:Ni,Mo,Al wafers  (F igures  B-8 through B-11), on t h e  
o t h e r  hand, have t h e  most r ap id  thermal  decay, t h e  o p t i c a l  d e n s i t y  
f a l l l n g  by a f a c t o r  of two i n  1 5  t o  40 seconds. The corresponding 
decay t i m e s  f o r  t h e  CaTi03:Ni3Mo wafers  appear t o  be  1 5  t o  50 minutes ,  
almost two o r d e r s  of magnitude longer .  

2 ,  men t h e  o p t i c a l  e r a s e  beam is added, i n  each c a s e ,  t h e  o p t i c a l  
d e n s i t y  f a l l s  away from t h e  thermal  decay curve  and dec reases  
more r a p i d l y .  A s  t h e  e r a s e  beam i n t e n s i t y  is inc reased ,  t h i s  
occurs a t  e a r l i e r  and e a r l i e r  t imes,  and t h e  e r a s e  curve  ap- 
proat-hes a f i x e d  shape wi th  a c e n t r a l  r eg ion  of f i x e d  s l o p e  o r  y .  



D. SENSITOMETRPC CHARACTERISTICS 

I f  t ime- in tens i ty  r e c i p r o c i t y  holds  f o r  t h e  e r a s e  mode operation of 
t h e s e  photochromic wafers ,  then  t h e  e n t i r e  fami ly  of s e n s i t i v i t y  curves 
f o r  each wafer should coa l e sce  i n t o  a s i n g l e  s e n s i t o m e t r i c  characterissic 
when t h e  same o p t i c a l  d e n s i t y  changes a r e  r e p l o t t e d  a s  a function of erase 
exposure energy d e n s i t y  ( i . e .  t h e  product of e r a s e  beam i n t e n s i t y  and ex- 
posure t ime) r a t h e r  than  of exposure t i m e  a lone .  Such e r a s e  mode sensi- 
t ome t r i c  c h a r a c t e r i s t i c s  are shown i n  F igures  4 through 7 f o r  one wafer 
of each of t h e  fou r  n a t e r i a l s  s tud ied .  

I .  CaF2:La,Na AND CaF :Ce,Na 
2 

The s e n s i t i v i t y  curves f o r  wafers  750-3 and 751-2 are s h o w  i n  Figures 
B-2 and B-6 (Appendix B) r e s p e c t i v e l y .  The s o l i d  p o i n t s  i n  Figures 4 and 
5 r e s p e c t i v e l y  r ep re sen t  s e n s i t o m e t r i c  d a t a  f o r  t hese  two wafers, calcu- 
l a t e d  from those  curves i n  t h e  manner descr ibed  above. A s  indicated, they 
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FIXED INTENSITY 

x 0.3 I' 

FIXED TIME 

I sec 
0 

10 " 

@\ 

I I I 1 1 1 1 1 1  I I I I I I l l 1  I 1 - u d  
10 lo2 lo3 I o4 

EXPOSURE ( m j  /cm2) 

Figure 4. Erase Mode Sensitometric Characteristic fir 
CaP2:La,Na wafer 750-3, shming a high deg~ee 
of time-intensity reciprocity. 



ERASE MODE SENSITIVITY -- 
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Figwe 5. Erase Mode Sensitometric Characteristic for 
CaF2:Ce,Na wafer 751-2, showing a high degree 
of t h e - i n t e n s i t y  reciprocity.  

EXPOSURE ( rnj /crn2) 

correspond to four erase beam intensities spanning nearby three orders of 
magnitude. In each case, the four separate curves have indeed coalesced 
to such a degree that they are now well represented by single sensitome- 
tric characteristics. 

These same characteristic curves can, of course, also be determined 
in another way, as is demonstrated by the opert circle points in Figures 
4 and 5 .  These points correspond to the erasures achieved in two fixed 
times, as indicated, by various erase beam intensities, again using data 
from Figures B-2 and B-6. 

The x-points in Figure 4 were determined in the same manner as were 
the solid points, but for an erase intensity smaller by another factor of 
ten, as shown. It appears that time-intensity reciprocity is beginning 
to fail at such low beam intensities. This can be related, both qualita- 
tively and semiquantitatively, to the thermal decay that takes place on 
about the same time scale, as can be seen in Figures B-1 through B-4. 



2. SrTi03:Ni,Mo,Al AND CaTiO 3 :Ni,Mo 

The s e n s i t i v i t y  curves f o r  wafers  ST-2-10 and CT-1-1 a r e  shown in 
Figures  B-11 and B-13 (Appendix B) r e s p e c t i v e l y .  The s o l i d  curves i n  
F igures  6 and 7 r ep re sen t  s ens i tome t r i c  d a t a ,  f o r  t h e s e  two wafers  respec- 
t i v e l y ,  c a l c u l a t e d  from those  s e n s i t i v i t y  curves i n  t h e  manner described 
e a r l i e r  (and used above t o  determine t h e  s o l i d  p o i n t s  i n  F igures  4 and 5 ) -  
They correspond t o  d i f f e r e n t  e r a s e  beam i n t e n s i t i e s  spanning over three 
decades (over fou r  decades i n  F igure  7 ) .  Unlike t h e  s i m i l a r  curves i n  
Figures  4 and 5 f o r  t h e  CaF2-based m a t e r i a l s ,  t h e s e  curves have no t  co- 
a lesced  t o  s i n g l e  s ens i tome t r i c  c h a r a c t e r i s t i c s  f o r  each wafer ,  

The broken curves i n  F igures  6 and 7 show t h e  e ra su res  achieved i n  
two o r  t h r e e  f i x e d  t imes ,  a s  i n d i c a t e d ,  by v a r i o u s  e r a s e  bean1 intensities, 
again  us ing  t h e  s e n s i t i v i t y  curves of F igures  B-11  and B-13. 
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Figure 6. Erase Mode Sensitometric Characteristics fo r  
SrTiOg:Ni,Mo,AZ wafer ST-2-20, showing fceiZure 
of time-intensity reciprocity. 
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Pigtlre 7. Erase Mode Sensitometric Characteristics for 
CaTi03:Ni,Mo wafer CT-1-1, showing failure of 
time-intensity reciprocity. 

Clearly, t ime- in tens i ty  r e c i p r o c i t y  does no t  hold f o r  t h e  e r a s e  mode 
operation of t h e s e  t i t i na t e -based  wafers ,  even a t  t h e  h ighes t  e r a s e  beam 
i n t e n s i t i e s  used, Thus, no s i n g l e  s e n s i t o m e t r i c  c h a r a c t e r i s t i c s  e x i s t  f o r  
the  intensity range s tud ied .  These m a t e r i a l s  e x h i b i t  a much more r ap id  
thermal decay than  do t h e  CaF2-based photochromics, and t h e  more seve re  
r e c i p r o c i t y  f a i l u r e  is  q u a l i t a t i v e l y ,  and probably t o  some e x t e n t  quant i-  
tatively, r e l a t e d  t h e r e t o .  

E. TIME-INTENSITY RECIPROCITY 

Erase nlode t ime- in tens i ty  r e c i p r o c i t y  is  i n v e s t i g a t e d  d i r e c t l y  i n  
Figures 8 tkrough 11. The time-of-erasure is p l o t t e d  a g a i n s t  t h e  e r a s e  
beam i n t e n s i t y  f o r  each of t h e  f i r s t  15  sample wafers  l i s t e d  i n  Table I. 
The data plcltted f o r  each wafer were taken d i r e c t l y  from t h e  corresponding 



f a m i l i e s  of s e n s i t i v i t y  curves shown i n  F igures  B-1 through B-15 ( A p p e ~ ~ d i ~ :  

B ) .  I n  most ca ses  t h e  range of e r a s e  i n t e n s i t i e s  spans nearby four decades, 
i n  some cases  more than  fou r .  The time-of-erasure used i s  T~/z, t h e  time 
requi red  f o r  t h e  readout  o p t i c a l  d e n s i t y  t o  be reduced t o  InaPf i t s  initial 
value .  

I .  CaF2:La,Na AND CaF2:Ce,Na 

Figures  8 and 9 show t h e s e  " r e c i p r o c i t y  c h a r a c t e r i s t i c s "  f o r  t h e  four 
CaF2:La,Na wafers  and t h e  t h r e e  CaFz:Ce,Na wafers  respectj..vekye For erase 
beam i n t e n s i t i e s  g r e a t e r  than  about 10m~/crn2, a l l  seven wafers  exhibit al-  
most t h e  p e r f e c t  i n v e r s e  r e l a t i o n s h i p  r equ i r ed  f o r  t r u e  r e c i p r o c i t y ,  R e -  
c i p r o c i t y  begins  t o  f a i l  very  g radua l ly  f o r  sma l l e r  i n t e n s i t i e s ,  o r  f o r  

% va lues  of T1/2 < 10  t o  40 s e c .  This  f a i l u r e  occurs  f i r s t  ( i , e ,  a t  the 
h ighes t  i n t e n s i t y )  f o r  wafer 750-5, t h e  t h i n n e s t  of t h e  seven samples, 

o,oll 0 8 2 3 , , , , I  8 , , 3 # , , , I  3 , 8 2 , , , I  I 8 0 , , , , a ,  I 8 , , , ,L,J 
0.1 I .O 10 lo2 I o3 I o4 

ERASE INTENSITY ( rnw/crn2) 

Figure 8.  Erase Time TI/;. ( t o  half-.OD point )  versus Erase 
Bern In t ens i t y  for four uafers  o f  CaPz:La,lVa, 
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Figure 9.  Erase Time T l / 2  ( t o  half-OD point) versus Erase 
Bern Intensi ty  for three wafers of CaFg : Ce, Na. 

The reported values of T1/2 corresponding to thermal decay alone are 
T 12 (thermal) 7 x 104sec. and = 6 x 105sec. for CaF2:La and CaF2Ce 
(korh without Na) respectively [lo]. Thus, reciprocity begins to fail at 
values of T1/2/T1/2 (thermal) 2 10-3 to 10'4. 

These results confirm, and generalize to other wafers, the recipro- 
city observed for wafers 750-3 and 751-2 in Figures 4 and 5. 

2 .  SrTiO :Ni,Mo,Al AND CaTiOj:Ni,Mo 
3 

Figures iC) and 11 show the "reciprocity characteristics" for the 
four SrTi03:Ni,Mo,Al wafers and the four CaTi03:Ni,Mo wafers respectively. 
Even at the highest intensities used, none of these vafers show true time- 
intensity reciprocity. Instead, T1/2 varies as about the inverse 0.9 power 



- 
N 

ERASE MODE RECIPROCITY -- 
SrTi03:  Ni,Mo,Al 
a. ST-2-0 ( + I  
b. ST-2-4 ( 0 )  

C. ST-2-6 (XI 
d. ST-2-10 ( * )  

0.011 ' ' ' ' " " 1  ' ' ' " ' - ' 1  ' * ' * ' " I  ' ' ' ' " ' I  ' ' " "'J 
0.1 1.0 10 lo2 lo3 lo4 

ERASE INTENSITY ( rnw/crn2) 

Figure 10. Erase Time ( t o  half OD point) versus Erase 
Beam Intensity for four wafers o f  CaTi03 : Ni,Mo . 

of t h e  erase i n t e n s i t y  i n  t h i s  range.  This  is n o t  n e c e s s a r i l y  incons is -  
t e n t  w i th  t h e  above r e s u l t s  f o r  t h e  CaF2 materials, however. There,  t h e  
c r i t e r i o n  f o r  t r u e  r e c i p r o c i t y  appeared t o  be  T1/2/T1/2 ( thermal)  2' 10-3 
t o  For SrTi03:Ni,Mo,Al and CaTiOg:Ni,Mo t h e  va lues  of T112 ( thermal ) ,  
about 25 + 1 0  sec .  and about 103 sec .  r e s p e c t i v e l y ,  are much smal le r .  Thus, 
even a t  tKe h ighes t  powers used,  t h e  c r i t e r i o n  above is ,  a t  b e s t ,  b a r e l y  
s a t i s f i e d .  

For t h e  SrTiOg wafers  r e c i p r o c i t y  f a i l s  very  badly  a t  e r a s e  i n t e n s i -  
ties smaller than  about  40 m~/cm2 o r  va lues  of T1/2 2 1 .5  sec .  For t h e  
CaTi03 wafers ,  on t h e  o t h e r  hand, t h e  i n v e r s e  0.9 power dependence of T1l2 
on e r a s e  i n t e n s i t y  cont inues  t o  somewhat below 10  m~/cm2 and va lues  of 
TlI2 20 + 1 0  sec .  - 
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F i g w e  11, Erase Time T1/2 ( t o  half OD point) versus Erase 
Bern Intensi ty  for  OW wafers of ~aiTiO~:Ni,Mo. 

Some of t h e  q u a n t i t a t i v e  s e n s i t o m e t r i c  d a t a  obta ined  i n  t h e s e  exper i -  
ments and d i s ~ u s s e d  i n  t h i s  Sec t ion  of t h i s  F i n a l  Report a r e  very  b r i e f l y  
s u m a r i x e d  and compared i n  Tables V I  and V I I ,  f o r  t h e  CaF2-based wafers  
and t h e  t i t i na t e -based  wafers  r e s p e c t i v e l y .  The wafer numbers correspond 
t o  those intrctduced i n  Table I. Maximum photochromic o p t i c a l  d e n s i t y  
changes, OD,,,, a t  5145 1 were obta ined  from t h e  s e n s i t i v i t y  curves of 
Figures B - l  through B-15 (Appendix B). The q u a n t i t y  y i s  de f ined  a s  t h e  
slope of t h e  near ly  l i n e a r  c e n t r a l  r eg ion  of a  g iven  one of t h e s e  ~ e n s i -  
t i v i t y  curves. The q u a n t i t y  7 is  t h e  average v a l u e  of y f o r  t h e  fami ly  
of s e n s i t i v i t y  curves f o r  a given wafer .  The t ime,  T1/2, r equ i r ed  f o r  
erasure of a given wafer t o  h a l f  i t s  i n i t i a l  o p t i c a l  d e n s i t y ,  can be ob- 
tained from Figures  8 through 11 f o r  any of a  wide range  of e r a s e  beam 
intensities, The product of T1/2 and t h e  corresponding bean1 i n t e n s i t y  
then g ives  the  exposure, E1/2, r equ i r ed  t o  reduce  t h e  o p t i c a l  d e n s i t y  t o  
half  i t s  i n i t i a l  va lue .  



T A B L E  VI 

CaF2 ERASE MODE SENSITOMETRY SUMbWRU 

2 *For erase beam intensities > lmW/cm . 

T A B L E  VII 

SrTi03 AND CaTi03 ERASE MODE SENSITOMETRY S 

*For erase beam intensities > lmW/cm . 



V. RESOLUTION 

A THE PROBLEM 

Wafers of state-of-the-art single-crystal photochromic materials 
must be about PO0 pm or more thick in order to provide photochromic op- 
tical density changes as large as 0.3, i.e. a maximum contrast ratio of 
2:1, The actual thickness required depends on the material (both host 
and dopant) and on the wavelengths of the write and readout light used. 
By comparison, silver halide photographic film is capable of providing 
optical densities of greater than 5 in an emulsion thickness of only 
about 5 urn, 

This finite wafer thickness imposes some important restrictions on 
the resolution capabilities of single-crystal photochromic materials. If 
optical recording onto, and/or readout from, a wafer of thickness t mm is 
accomplished in an f/m optical system (i-e. a focused light cone with 

2m half-angle 01/2 = tan-' L), the resolution is limited to about N < - 
2m TV t 

m 
Ti; (raster) Lines per mm or Npr < y line pairs (one black, one white) 
per m, Thus, for a 100 pm wafer and £110 optics, NTv < 200 lines/mm or 

< EOO line pairs/rnm. For thicker wafers the resolution capabilities 
decrease with l/t. 

In a coherent optical data-processing system using photochromic wafer 
data-input planes, laser sources would probably be used for both recording 
and readout, Then the f-number, m, could be essentially infinite and re- 
solution would be limited by: 

(1) The optical homogeniety of the wafer material. 
( 2 )  The varying angle at which a scanning laser recording beam 

passes through the wafer. 
(3) Diffraction effects which cause spreading of the recording 

or readout light within the wafer. 

E, THE EXPERIMENT 

In order to demonstrate, in a fairly simple and direct way, the re- 
solution capabilities of the photochromic wafers under study here, we have 
recorded in each of them a series of line gratings with different grating 
spacings, The grating masters were prepared on high contrast photographic 
plates. They were recorded in the erase mode by contact printing onto 
wafers which had been pre-switched in appropriate U.V. light. The erase- 
recording light was coherent 5145 A argon laser radiation. With the mas- 
ter grating removed, readout of the recorded gratings was accom~lished 
by means of transmission photomicrographs, using the same 5145 A argon 
radiation at reduced intensity. 



C. RESULTS AND D ISCUSSION 

These t ransmiss ion  photomicrographs of t h e  master  g r a t i n g s  and t h e  
photochromically recorded reproduct ions  a r e  shown i n  F igures  C-B and 6-2 
through C-13, r e s p e c t i v e l y ,  i n  Appendix C. The fou r  g r a t i n g s  used had 25, 
40, 80,  and 100 l i n e  p a i r s  per  mm ( I n .  pr./mm ) .  The approximate magnifica- 
t i o n  of t h e  p i c t u r e s  shown is  200 t imes.  The wafer numbers correspond t o  
those  e s t a b l i s h e d  i n  Table I. The o rde r  of t h e  f i g u r e s  is  the  same a s  
t h a t  of t h e  wafers  l i s t e d  i n  Table I ,  except  t h a t  n o t  a l l  wafers  l i s t e d  
a r e  included i n  Appendix C .  

The q u a l i t y  of t h e  photomicrographs shown i s  l i m i t e d  by:  

(1) Spac ia l  v a r i a t i o n s  i n  i n t e n s i t y  i n  t h e  multi-mode laser beam, 
(2) D i f f r a c t i o n  e f f e c t s ,  r e s u l t i n g  from specks of d u s t  and d i r t .  
(3) Low c o n t r a s t ,  r e s u l t i n g  from t h e  smal l  photochromic o p t i c a l  

d e n s i t y  changes a t t a i n a b l e  i n  t h e  r e l a t i v e l y  t h i n  wafers ,  
e s p e c i a l l y  t hose  of t h e  CaF2-based m a t e r i a l s .  

(4) The reproduct ion  process .  

I n  o rde r  t o  provide a s  much c l a r i t y  a s  p o s s i b l e ,  one s e t  of t h e  o r i g i n a l  
photomicrographs reproduced i n  Appendix C i s  being forwarded t o  NASA with 
t h i s  F i n a l  Report.  

I n  s p i t e  of t h e  above l i m i t a t i o n s ,  however, we have successfulPy 
accomplished both record ing  and readout  of t h e  100 I n .  pr./mm g r a t i n g  i n  
a t  l e a s t  one wafer of each m a t e r i a l .  The most s e r i o u s  problem encountered 
has been t h a t  of low c o n t r a s t  i n  t h e  t h i n n e s t  wafers ,  r a t h e r  than limited 
r e s o l u t i o n  i n  t h e  t h i c k e s t  wafers .  The wafers  of each m a t e r i a l ,  however, 
presented t h e i r  own d i f f i c u l t i e s .  

I .  CaF2 (F IGURES C-2 THROUGH C - 6 )  

For t h e s e  wafers  t h e  major problem is  t h e  l i m i t e d  photochromic o p t i -  
c a l  d e n s i t y  change, o r  c o n t r a s t .  For t h e  t h i n n e s t  wafers ,  750-5 and 
751-3, t h e  c o n t r a s t  was i n s u f f i c i e n t  t o  c l e a r l y  d e t e c t  even t h e  c o a r s e s t  
recorded g r a t i n g  . 

For t h e  f i n e s t  g r a t i n g s ,  t h e  p a t t e r n s  a r e  probably no t  recorded 
throughout t h e  f u l l  t h i ckness  of t h e  t h i c k e s t  wafers ,  being washed out 
by d i f f r a c t i o n  e f f e c t s .  However, t h i s  does no t  des t roy  t h e  g r a t i n g  r e -  
corded i n  t h e  reg ion  n e a r e s t  t h e  g r a t i n g  mask, and i f  t h i s  reg ion  i s  
t h i c k  enough, readout  i s  s t i l l  poss ib l e .  



2. SrTi03 (FIGURES C-7 THROUGH C-9) 

While these  wafers exh ib i t  l a r g e  photochromic o p t i c a l  dens i ty  changes 
i n i t i a l l y ,  t h e  thermal decay is  q u i t e  rapid .  It i s  d i f f i c u l t ,  therefore ,  
t o  both record t h e  g ra t ing  i n  t h e  e rase  mode and read out  t h e  recorded 
gra t ing photographically while appreciable con t ras t  remains. Thus, f o r  
t h e  th innes t  wafer, ST-2-10, photographic readout of t h e  recorded g ra t ings  
w a s  not achieved. 

The photochromic colora t ion of these  SrTi03 wafers is confined t o  a 
r e l a t i v e l y  t h i n  surface  l a y e r  which c o n s t i t u t e s  t h e i r  e f f e c t i v e  th ickness ,  
regardless  of a c t u a l  thickness.  Thus d i f f r a c t i o n  e f f e c t s  wi th in  t h e  wa- 
f e r s  a r e  r e l a t i v e l y  unimportant. The reso lu t ion  c a p a b i l i t i e s  a r e  thus  
a f fec ted  by wafer thickness l a rge ly  through c r y s t a l  homogeneity. 

3.  CaTiOj (FIGURES C-I0 THROUGH C-13)  

These wafers exh ib i t  higher photochromic con t ras t  than those of 
e i t h e r  CaF2 o r  SrTiOg. Their photochromic thermal decay is  about 102 
times slower than t h a t  of SrTiOg, but l i k e  SrTiOg t h e i r  e f f e c t i v e  thick- 
ness is determined by t h e  t h i n  depth of photochromic colora t ion.  Thus, 
r e so lu t ion  i n  these  CaTiOg wafers is  pr imar i ly  l imi ted  by t h e i r  poor op- 
t i c a l  qua l i ty .  This d i f f i c u l t y  i s  apparent i n  Figures C-10 through C-13 
and is  discussed i n  some d e t a i l  i n  Section 1 I . C .  of t h i s  r epor t .  



VI. NEW TECHNOLOGY 

No New Technology has been developed dur ing  c h i s  r epo r t ing  p e r i o d ,  



VII. SUMMARY AND CONCLUSIONS 

Me have carried out an extensive quantitative and comparative evalu- 
ation of a broad range of state-of-the-art inorganic photochromic materi- 
als which offer potential as information input planes for coherent optical 
data-processin:g applications. The evaluated samples comprise 17 wafers 
of various thicknesses of CaFz:La,Na; CaF2:Ce,Na; SrTi03:Ni,Mo,Al; and 
CaTi03:Mi,Mo, The range of wafer thicknesses included is 0.13 to 1.02 mm. 
The evaluation includes consideration of available wafer size and crystal 
quality, photochromic absorption spectra, quantitative erase mode sensi- 
tometry, time--intensity reciprocity, and resolution capabilities. Most 
of the evaluative tests were carried out in the erase mode, using coher- 
ent 5145 a argon laser radiation. The results of these tests are pre- 
sented and sununarized in numerous graphs, tables, and photographs dis- 
tributed throughout the text and in three appendices. 

Some very general characteristics of the several materials evaluated 
are very briefly summarized below: 

A .  CaF (WITW La,Na or Ce,Na Dopants)  
2 

1, Very high optical quality. 
2. Moderately large wafer sizes available. 
3. Long photochromic lifetime. 
4, Excellent time-intensity reciprocity in the erase mode. 
5. Relatively low erase mode sensitivity. 

Low pihotochromic optical density per unit wafer thickness. 
7 ,  Moderate resolution capability, but at low contrast. 

1, Large wafer sizes available. 
2, Modea:,ate to good optical quality. 
3. Relatively high erase mode sensitivity. 
4 ,  High photochromic optical density per unit wafer thickness. 
5. Good resolution capability. 
6. Short: photochromic thermal lifetime. 
7 *  Poor time-intensity reciprocity in the erase mode. 

1. High photochromic optical density per unit wafer thickness. 
2 ,  Moderate photochromic thermal lifetime. 
3 -  Good resolution capability, but seriously limited by poor 

optic:,al quality. 



4 .  R e l a t i v e l y  poor t ime- in tens i ty  r e c i p r o c i t y  i n  t h e  erase mode. 
5. R e l a t i v e l y  low e r a s e  mode s e n s i t i v i t y .  
6 .  R e l a t i v e l y  s m a l l  wafer s i z e s  a v a i l a b l e .  
7 .  Poor o p t i c a l  q u a l i t y .  

A l l  of t h e  wafers  s tud ied  and eva lua ted  a r e  being forwarded t o  NASA 
under s e p a r a t e  cover .  For suppor t ,  t h e s e  wafers  a r e  mountec! on 5 by 5-cm 
A 1  frames. (The cement used is  Dow S t i cky  Wax; i t  i s  so1ubl.e: in warm 
xylene)  . 
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APPENDIX A 

This appendix comprises F igures  A-1 through A-15 showing t h e  photo- 
chromic absorp t ion  s p e c t r a  of t h e  f i r s t  1 5  sample wafers  l i s t e d  i n  
Table  1 i n  Sec t ion  I1 of t h i s  r e p o r t .  Each f i g u r e  i s  l abe l ed  wi th  t h e  
app ropr i a t e  wafer i d e n t i f i c a t i o n  number ( i n  an  abbrevia ted  form i n  some 
cases)  from t h a t  t a b l e .  The order  of t h e  f i g u r e s  is  t h e  same a s  t h a t  
of the wafers  l i s t e d  i n  Table I. 

The s o l i d  curves i n  each f i g u r e  (curve 1 i n  F igures  A- l  through 
A-7) correspond t o  t h e  unswitched o r  thermally s t a b l e  photochromic 
s t a t e s  of t h e  r e s p e c t i v e  wafers .  The broken curves (curve 2 i n  Fig- 
ures A-9 through A-7) correspond t o  t h e  s a t u r a t e d  photochromic switched 
s t a t e s  s f  t h e  r e s p e c t i v e  wafers .  The long-short dashed curves (curve 3 
i n  F igures  A--1 through A-7) correspond t o  t h e  o p t i c a l l y  e rased  s t a t e s  
of those  wafers  f o r  which photochromic switching under t h e  cond i t i ons  
of these experiments was not  t o t a l l y  o p t i c a l l y  r e v e r s i b l e .  For t h e s e  
wafers ,  compiete r e t u r n  t o  t h e  switched s t a t e  can only  be achieved 
thermally a t  temperatures  of about 100°C o r  g r e a t e r .  

For a d e s c r i p t i o n  of t h e  experimental  procedures and a d i scuss ion  
of t h e  data, s e e  Sec t ion  III of t h e  t e x t  of t h i s  r e p o r t .  

CoF2 :Lo.No 
SAMPLE 7 5 0 - 2  
0.81 mm THICK 

CaFz:La,Na 

SAMPLE 7 5 0 - 3  
0.53mm THICK 

WAVILENGTH I u m f  ? WAVELENGTH ( p m )  
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Figure A-3. 
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Figure  A-8.  



F i g u r e  A-9.  

Figure  A-10. 







APPENDIX B 

This  appendix comprises F igures  B-1 through B-15 showing families 
of e r a s e  mode s e n s i t i v i t y  curves f o r  t h e  f i r s t  15  sample wafers  l i s t e d  
i n  Table I i n  Sec t ion  I1 of t h e  t e x t  of t h i s  r e p o r t .  Each f i g u r e  i s  
l abe l ed  wi th  t h e  app ropr i a t e  wafer i d e n t i f i c a t i o n  number ( i n  an abbre- 
v i a t e d  form i n  some cases)  from t h a t  t a b l e .  The o rde r  of t h e  f i g u r e s  
i n  t h i s  appendix is  t h e  same a s  t h a t  of t h e  wafers  l i s t e d  i n  Table 1, 

The d i s p l a y  format used f o r  t hese  curves ,  o p t i c a l  d e n s i t y  change- 
ve r sus  t h e  logar i thm of t h e  exposure, p l aces  major emphasi-s on the 
middle exposure range i n  which t h e  g r e a t e s t  o p t i c a l  d e n s i t y  changes 
occur ,  and corresponds t o  t h e  s tandard  format used f o r  s ens i tome t r i c  
d a t a  f o r  photographic f i lm .  For each sample, t h e  curves corresponding 
t o  v a r i o u s  e r a s e  beam i n t e n s i t i e s  a r e  l abe l ed  wi th  t h e  measured beam 
power d e n s i t y  i n  m~jcm2.  

For a d e s c r i p t i o n  of t h e  experimental  procedures and a d i scuss ion  
of t h e  d a t a ,  s e e  Sec t ion  I V  of t h i s  r e p o r t .  

ERASE MODE SENSITIVITY 
SAMPLE CaF2 750-2,O.EIB mm THICK 

MONITOR AND ERASE AT ~TX. (5145 B 
I 

EXPOSURE TIME ( S E C I  

Figure  B-1. 
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ERASE MODE SENSITIVITY 
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I o d  I I 1 1 1 1 1 1  I 1 1  1 1 1 1 1 1  I I 1 1 1  1 1 1 1  I I ~ l r l l l ~  I I 1 1 1 1 1 1 ]  
0.00 0.1 1.0 10 10 2 lo3  

EXPOSURE TIME (SEC) Figu re  B-3 .  



ERASE MODE SENSITIVIB\J 
SAMPLE CaF2 750-5 ,0 .13  mrn THICK 

0 
MONITOR AND ERASE AT hr5145A 

0 I I I I I I I I ~  I I I I IIIII I r I I I 1 1 1 1  I I I I I I I I I  iL 

0.01 0.1 1.0 10 102 
EXPOSURE TIME (SEC) F i g u r e  B-4 .  

SAMPLE CaF2 751-1,0.86mm THICKo 
MONITOR AND ERASE AT X=5145W - 



I I I I 
ERASE MODE SENSITIVITY 

SAMPLE CaF2 751-2,0.53 mm THICK 
MONITOR AND ERASE AT ~ = 5 1 4 5 1  

,- 

EXPOSURE TIME (SEC) F i g u r e  B-6. 

ERASE MODE SENSITIVITY 
SAMPLE CaF2 751-3.0.32mm THICK 

MONITOR AND ERASE AT ~ = 5 1 4 5  

0 I  I l l l l l l l  I  I 1 1 1  1 1 1 1  I I l l l l l l l  I  I 1 1 1 1 1 1  
0.08 0.1 1.0 10 lo2 I o3 

EXPOSURE TIME (SEC) F i g u r e  B-7. 



ERASE MODE SENSITIVITY 
SAMPLE ST-2-0, 1.02 mm "HBCK 
MONITOR AND ERASE AT Z -5945 

EXPOSURE TIME (SEC) Figure  B-8,  

ERASE MODE SENSITIVITY 
SAMPLE ST-2-4,0.53 mm THICK 
MONITOR AND ERASE AT ~ = 5 1 4 5 6  

EXPOSURE TIME (SEC) F i g u r e  B-9 



I I I 
ERASE MODE SENSITIVITY 

SAMPLE ST-2-6,0.28 m m  THICK 
MONITOR AND ERASE AT X =5145A 

I I I I 
ERASE MODE SENSITIVITY 

SAMPLE ST-2- 10, 0.18 mm THICK 
MONITOR AND ERASE AT 1-5145; 



ERASE MODE SENSITIVITY 
SAMPLE CT-3A, 0.81 rnrn TI-IIGM 
MONITOR AND ERASE AT ~ = 5 1 4 5 i  

EXPOSURE TIME (SEC) Figure B-12, 

I I I 
ERASE MODE SENSITIVITY 

SAMPLE CT-1-1,0.50 rnm THICK 
MONITOR AND ERASE AT X - 5 1 4 5 i  



I I I 
ERASE MODE SENSITIVITY 

SAMPLE CT-3C-2, 0.30 mm THICKD 
MONITOR AND ERASE AT X=5145A 

1.0 - 

I I I 
ERASE MODE SENSITIVITY 

SAMPLE CT-3C-I,0.18 mm THICK 
MONITOR AND ERASE AT ~ - 5 1 4 5 W  I 

I I 1 1 1 1 1 1 1  1 1  1  1 1  1 1 1 1  I I 1 1  1 1 1 1 1  1  1  1  1 1 1 1  
a01 0.1 1.0 10 102 B 

EXPOSURE TIME (SEC) F i g u r e  R-15. 



APPENDIX C 

This  appendix comprises F igures  C-1  through C-13. F igure  C-l shows 
t ransmiss ion  photomicrographs of a s e t  of l i n e  g r a t i n g s  wi th  d i f f e r e n t  
g r a t i n g  spac ings  on high-contr2st  photographic f i lm, ,  The gratings were 
photographed i n  coherent  5145 A l i g h t  from an argon l a s e r .  

F igures  C-2 through C-13 a r e  s i m i l a r  t ransmiss ion  phot:omicrograpbs 
of those  g r a t i n g s  a s  recorded by con tac t  p r i n t i n g  on photoc:hrornic sample 
wafers  l i s t e d  i n  Table I i n  Sec t ion  I1 of t h e  t e x t  of t h i s  r e p o r t .  Each 
f i g u r e  i s  l abe l ed  wi th  t h e  app ropr i a t e  wafer i d e n t i f i c a t i o r l  number ( i n  
an abbrevia ted  form i n  some cases)  from t h a t  t a b l e .  The o rde r  of t h e  
f i g u r e s  is t h e  same a s  t h a t  of t h e  wafers  l i s t e d  i n  Table I:, except  that 
no t  a l l  wafers  l i s t e d  t h e r e  a r e  included i n  t h i s  appendix. The gratings 
were both recorded and photographed i n  coherent  5145 1 l i g h t  from an argon 
l a s e r  . 





Wafer 750-2 

25 In. pr./mm 

40 In, pr./mm 

80 In. pr./mm 

Figure C-2 



Wafer 750-3 

40 In. pr./mm 

80 In. pr./mm 

Figure  C-3 



Wafer 750-4 

Figure C-4 



Wafer 751-1 

80 In. pr./mm 

Figure C-5 



Wafer 751-2 

40 In. pr.lmm 

80 In. pr.  /mm 

Figure C-6 



Wafer ST-2-0 

25 In. pr./mm 

40 In. pr./nrm 

Figure C-7 



Wafer ST-2-4 

80 In. pr./mm 

Figure C-8 



Wafer ST-2-6 

40 In. pr./mm 

Figure  C-9 



Wafer CT-3 A 

25 In. pr./mm 

40 In. pr. /mm 

80 In. pr./mm 

Figure  C-I0 



Wafer CT-1-1 

Figure C-11 



Wafer CT-3C-2 

25 In. pr./mm 

100 In, pr. /mm 

Figure  C-12: 



Wafer CT-2C-D 

40 In. pr./mm 

80 In. pr . /mm 

Figure C-13 


